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Summary

Human natural killer {(NK) cell differentiation from immature lineage negative (Lin~) umbilical
cord blood cells was examined in vitro. Cells expressing differentiation antgens of mature NK
cells (CD56, CD16, CD2, CD8, NKR-P1A) were generated from Lin~ cells cultured with 1n-
terleukin {IL)-2 and a murine bone marrow stromal cell line expressing the human membrane-
bound form of stern cell factor. Two subsets of NK cells were identified in these cultures: one
expressed both NKR-P1A and CD56 and, in variable proportions, all other NK cell differenti-
ation antigens; the second subset expressed only NKIR-P1A and, unlike the former, was not
cytotoxic. Neither subset expressed interferon (IFN)-y mRNA even after stimulation with
phorbol di-ester and Ca*™ ionophore, but both expressed tumor necrosis factor ® mRNA and
the cytotoxic granule-associated proteins TIA-1, perforin, and serine esterase-1. After 10-d
culture with [L-2, IL-12, and irradiated B lymphoblastoid cells, =45% of the NKR-P1A*/
CD567 cells became CD56%, and the same cultures contained cells capable of cytotoxicity and
of IFIN-v production. These results indicate that NKR-P1A expression in the absence of other
NK cell markers defines an intermediate, functionally immature stage of NK cell differentia-
tion, and that effector functions develop in these cells, concomitantly with CI256 expression,
in the presence of [L-12. These cells likely represent the counterpart of a CD3~/NKR-P1A*/
CD56/CD167 cell subset that, as shown here, is present both in adult and neonatal circulat-

ing lymphocytes.

K cells are a lymphocyte subset distinct from B and T

cells, lacking expression of the antigen-specific recep-
tors present on these cell types (T and B cell receptors, ie.,
TCR and sIg/BCR) (reviewed in reference 1). They rep-
resent =13% of the circulating lymphocytes in adult and
neonatal peripheral blood (2), are effectors of nonadaptive
immunity, are cytotoxic, in the absence of known presensi-
tization, to a variety of tarpet cells, and, via IFN-vy produc-
tion, they facilitate the development of ThO to Thl cells
(3), thus promoting cell-mediated immune responses (4).
No unique INK cell marker has been identified yet, but ex-
pression of a set of differentiation antigens in the absence of
antigen-specific receptors of T and B lymphocytes serves to
identify these cells, CD16 and CD56 are expressed, either
alone or in combination, on the majority of mature NK
cells (2). Other antigens expressed on subsets of NK cells
include CD8 (30-50%) (5), and CD2 (50-70% of NK cells
from umbilical cord blood and >90% of NK cells from
adult blood) (2).

Human NK cell progemitors exist in the lincage negative
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(Lin )!/CD34* subset of hematopoietic cells that includes
muldlineage progenitors and hematopoietic stem cells (6—10).
A variety of in vitro culture conditions, requiring IL-2,
IL-15, and/or bone marrow stromal cells (7, 8) or stem cell
factor (SCF) (8, 10}, or IL-15 (11) support differentiation
of these cells to mature CD56* cytotoxic NK cells. CD7 15
expressed on early NK cell progenitors; these have growth
factor requirements distinct from those of more differenti-
ated cells: CD7*/CD34* NK cell progenitors require bone
marrow stromal cells and IL-2 to differentiate into CD56%
cytotoxic cells (7), while CD7+/CD34~/CD56™ cells, rep-
resenting more mature progenitor cells in wmbilical cord
blood, requite only IL-2 (12). In the murne system, NK
cells at distinct stages of differentiation have been identified
based on surface phenotype; non—stem cell hematopoietic

! Abbreviations wsed in this paper- ADCC, antibody-dependent cell-mediated
cell toxicity; GaMlg, goat anti-mouse Ig; Lin~, lineage negative; MSE,
monocyte-specific esterase; R'T, reverse transcription, SCF, stem cell fac-
tor; SE, senne esterase
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progenitors lacking expression of mature NK cell surface
antigens develop into mature cytotoxic NK cells in adoptive
transfer experiments (13, 14), Conjugate-forming, noncy-
totoxic, putative pre-NK cells that express NKR-P1C
(NK1.1) in the absence of other mature NK cell markers
have been identified in mice in which, after bone marrow
ablation, NK cell differentiation is incemplete (15).

Differennation antigens that identify human NK cells at
intermediate stages of differentiation at which they have
unequivocal, although possibly incomplete, NK cell phe-
notype, and at which they are functionally immarure have
not been described. In addition, the specific sequence with
which human NK cells acquire differentiation antigens
and/or functions, and the growth factors supporting NK
cell development/differentiation have been deterinined
only in part. Here we report the identification of a func-
tionally immature, noncytotoxic NK cell subset, character-
ized by the expression of NKR-P1A and lack of other NK
cell differentiation antigens, that can be induced to differ-
entiate to functionally and phenotypically mature NK cells
in the presence of TL-12. A subsct of adult and neonatal cir-
culating NK cells was also identified, that has a surface phe-
notype similar, if not identical, to that of the immature NK
cells generated in vitro.

Materials and Methods

Monvpclonal and Polyclonal Annibodies.  Most mAbs vsed have been
characterized previously m our laboratory. They include: CD2
(B67.1, and B67.6), CD4 {B66.6), CD5 (B36.1), CD8 (B116.1),
CD11b (B43.4), CD14 (B52.1), CD15 (B40.9), and CD56 (B159.5)
(2, 16). mAbs to CD3 (OKT3) {17), CD21 (THB5) (18), and
CD34 (MY10) (19) were produced from cells obtamned from
American Type Culture Collection {Rockville, MD). mAb to
CD94 (HP3B1) (20) was kindly provided by Dr. M. Lopez-Botct
(Hospital de la Princesa, Madnd, Spain). PE-anti-CD16 mAb
(B73.1-PE) (2) was from Becton Dickinson and Co. (San Jose,
CA). PE-anti-CD56 (IN901) and the FITC-labeled mAb to CD7
(3A1), CDS8 (T8), CD25 (1HT44H3), and CD122 (2R B} were
from Coulter Corp. (Hialeah, FL).

mAb B199.2 was produced from a fusion, performed as previ-
ously reported (2), of the P3x63-Ag8.653 nonsecretor myeloma
cells with splenocytes from a BALB/c mouse immunized (three
times intraperitoneally at weekly intervals, and once intrave-
nously 3 d before fusion) with purified human NK cells, prepared
as described previously (16} and cultured for 3 d with IL-2. This
mAb (IgG2b, as deternuned by mmunmunocdiffusion with 1sotype-
specific antibodies) detects NKR-P1A on NK cells and subsets of
CD4* and CD8* T cells (not shown), as indicated by the obser-
vations that: (@) it immunoprecipitates from mature NK cells an
80-kD surface molecule, a disulfide-linked homodimer of two
40-kD chains {Zatsepina, O., and B. Perussia, unpublished data);
() it cross-competes with the anti-NKR-P1A mAb DX-1 (21)
for binding to NK cells; and () 1t reacts with NKR.-P1A—trans-
fected, but not uneransfected, murmne L cells {assay kindly per-
formed by Dr. L. Lamer, DNAX, Palo Alto, CA). When indi-
cated, this and other mAbs were labeled with biotin or FITC
according to standard procedurcs, after purification from ascites
on protem G—Sepharose (Pharmacia Fine Chemicals, Uppsala,
Sweden) columns.
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The polyclonal goat anti—mouse Ig (GaMlg) used for panning
was produced in our laboratory, adsorbed on human Ig and affin-
ity-purified on mouse Ig-Sepharose before use (16). The rabbit
1gG anti—sheep erythrocyte used to prepare unmune complex
monolayers was from Cappel (Durham, NC).

Cell Tsolation.  Umbilical cord blood, collected at delivery and
anticoagulated with heparin, was kindly prowded by Dr. R.
Depp (Deparunent of Obstetrics and Gynecology, Thomas Jeffer-
son University Hospatal, Philadelphia, PA). PBMC were isolated
on Ficoll/Hypaque density gradient (Histopaque-1077; Sigma
Chemical Co., St. Louis, MO) and contaminating erythrocytes were
lysed using NH,Cl buffer (0.15 M NH,Cl, 0.01 M KHCO,, 0.1
mM EDTA; 4°C, 10 min). PBL were isolated from PBMC after
adherence to plasuc (37°C, 20 mn). The majority of T and NK
cells were depleted after roseting with 2-armunoethylisothiouro-
nwm bromide (hydrdoromude) (Sigma Chemical Co.)-treated
sheep E (21). PBL not forming E-rosettes were collected at the
mterface of Ficoll/Hypaque density gradients and FeyR ™ (NK,
B, and myelo-monocytic) cells were depleted after incubation on
rabbit IgG immune complex monclayers as described (22). Re-
sidual mature hematopoietic cells were depleted from the FeyR ™
cells by indirect anti-lg panning {23) (30 min, 4°C) on GaMlIg-
treated polystyrene petri dishes after sensitizatton with a panel of
mAbs to differentiation antigens on mature hematopoietic cells,
including mAb (clones hsted above) to CD2, CD3, CD4, CD5,
CDsg, CD11b, CD14, CD15, CD21, CD56, CD9%4, and NKR-
P1A. The procedure was repeated three times to maxamize deple-
ton. These populations, referred to as Lin~ cells, were >99%
CD37/CD56~ /NKR-P1A~/CD167; the majonty of them (§1.2 =
9.7%, n = Y) were HLA-DR™* and contained 57.6 * 19.7% (n = 7)
CD347 cells, as determined by indirect immunofluorescence.

When indicated, resting NK cells were prepared from adult and
umbilical cord blood PBL after sensitization with a muxture of
mAb to CD3, CD4, CD5, CD14, CD15, CD21L, and CD34 and
panning. The resulting cell populations contained 81.1 = 5.8%
NKR-PIA* and 1.8 * 0.6% CD3" cclls (n = 7), as tested in in-
direct immunoflucrescence; CD3T/NKR-P1A* cells were un-
detectable. Homogeneous NK cell populations were also purified
from 10-d cultures of umbilical cord blood PBL with the B-lym-
phoblastoid RPMI 8866 cell line (16).

NKR-PIA*/CD56" and NKR-P1AY/CD56™ cells were pu-
rified from day-30 cultures of Lin~ cells (see below) by indirect
anti-lg panning. For this, CD56™ cells were selected (procedure
repeated twice) after sensitizaton wich anti-CD56 mAb. Homo-
geneous NKR-P1A*Y/CD56™ populations were then prepared from
the CDA6™ cells after sensinization with B199.2. The ccll popula-
tions obtamed were >99% NKR-P1A~/CD56 -and NKR-P1A "/
CD56%, respectively, as determined by indirect immunofluo-
rescence,

Hematopoietic Progentior Cell Culiures.  Lin ™ cells were cultured
(37°C, 8% CO, atmosphere) in 24-well ussue culture plates (2 X
10° cells/well) 1n 2 ml RPMI 1640 medium (BioWhittaker Inc.,
Walkerswille, MD) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Sigma Chemical Co.) on a confluent mono-
layer of 30-Gy irradiated murine SI/SI* bone marrow stromal cell
Ine or its denvative SI/SHFhSCEF2", expressing membrane-bound
SCF (24) (provided by Dr. D. Williams, University of Indiana
School of Medicine, Indianapolis, IN). Recombinant (r) IL-2 (50
U/ml, sp act 1.1 X 10% U/mg protein, obtained from the Biolog-
ical Response Modifiers Program, National Cancer [nstitute, Be-
thesda, MDD) was added at the beginming of the cultures and every
4 d during a 30-d culture period. The culture medium was par-
tally replaced every 7 d, and nonadherent cells from individual
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wells were subcultured when confluent (once or twice, on aver-
age). These culture conditions are referred to as “primary cul-
tures.”

For secondary culturcs, 10° NKR-P1A'/CD56* and €56
cells, separated as described above from day-30 primary cultures,
were cultured for 10 d in 2 ml medwm/well of 24-well cultute
plates. rIL-2 (50 U/ml) and rIL-12 (1 ng/ml, sp act 4.5 X 106
U/mg protein in an IFN-y induction assay; kindly provided by
Dr. S. Wolf, Genetics Institute, Andover, MA) were added at the
beginning of the culture and every 4 d afterward. Daud: cells (30-Gy
irradiated) were added (2 X 10° cells/well).

Tmmunofluorescence (Flow Cytometry).  One-, two-, and three-
color unmunoflucrescence analysis was performed wath the indi-
cated FITC-, PE-, or biotun-labeled mAb as previously described
(2, 16). FITC- (Vector Laboratories, Burlimgame, CA), PE- (Bec-
ton Dickinson and Ceo.), or R670- (Gibco BRL, Gaithersburg,
MD) labeled streptavidin were used to detect biotin-labeled mAb.
Samples were analyzed on an EPICS Elite, or a Profile-Il flow
cytometer {Coulter Corp.).

Cell-mediated Cytotoxicity.  This was tested in 4-h 5'Cr release
assays using K562 or P815 cells sensitized with anti-P815 rabbit
serum as targets for spontancous and antibody-dependent cell-
mediated cytotoxicity (ADCC), respectively (2). Target cells were
10/ well. When indicated, effector cells were incubated (3 % 106
cells/ml, 18 h, 37°C) with rIL-2 (50 U/ml) and rIL-12 (4 ng/ml)
before testing.

Reverse Transcripiion (RT) PCR.  Cells were incubated (5 X
10° cells/ml, 2 h, 37°C) or not, as indicated, in medium without
or with PMA (107" M; Sigma Chemical Co.) and Ca®* 1ono-
phore (A23187, 0.1 pg/ml; Sigma Chemical Co.). Total RINA
was extracted from 2.5 X 10° cells using RNAzol (Biotecx Labo-

ratories, Houston, TX) after the manufacturer’s protocol. mRNA
was reverse~transcribed using Moloney murine leukernia virus re-
verse transcriptase and ohgo-dT 3° pnmer (37°C, 1 h). The
primer pairs were designed to span mtronic regions, to prevent
genomic DNA amplification. CD16 ¢DINA was amplified (30 cy-
cles) using previously described oligonucleotide primers and con-
ditions (25). Primers (synthesized at the Kimmel Cancer Center
Nucleic Acid Facility) were: No. 616: sense GGG GGC TTG
TTG GGA GTA AA; No. 485: anusense GAG AGG CCT GAG
GAT GAT. The f actin primers were derived from the murine
sequence (sense TGG GAA TGG GTC AGA AGG ACT; anu-
sense TTT CAC GGT TGG CCT TAG GGT T) (30 amphfica-
tion cycles: melting, 94°C; annealing, 55°C; extension, 72°C; 1 min
each). IFN—y (sense GCA TCG TTT TGG GTIT CTC TTG
GCT GTT ACT GC; antisense CTC CTT TTT CGC TTC
CCT GTT TTA GCT GCT GG), and TNF-x (sense GAG
TGA CAA GCC 1'GT AGC CCA TGT TGT AGC A; anu-
sense GCA ATG ATC CCA AAG TAG ACC TGC CCA
GAC) pnmers were purchased from Clontech Laboratories, Inc.
{Palo Alto, CA) (30 cycles: melting, 1 mun, 94%C; annealing, 1 min,
60°C; extension, 2 min, 72°C). Monocyte-specific esterase (MSE)
cDNA was amplified using previously described oligonucleotide
primers (sense GGC AGT TAC TCT CAG AGG CTA; anti-
sense-CTT CCA CAG GAG TGA CAT GGC) and conditions
(26). PCR products were electrophoresed in 2% agarose gels and,
when indicated, transferred to nylon membrane (Hybond-N;
Amersham Corp., Arlington Heights, L) and hybridized to specific
oligonucleotide probes (CD16, No. 465, TCA TTT GTC TTG
AGG GTC [25)]; B actin, AGC AAG AGA GGT ATC CTG
ACC CTG AAG TAC CCC ATT GAA; MSE, GGT TCT
TGG CCA ATG GAG ACA). These were labeled with y-[**PJATP
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Figure 1. Surface phenotype of umbilical cord blood lymphocytes. Two-color immunofluorescence (flow cytometry) was performed with the indi-

cated mAb on umbilical cord blood PBL, The mAb were labeled with FITC (green fluorescence), PE (red fluorescence), or bioun (detected with strepta-
vidin-PE). Correlate measurements of red {x axis, log scale), and green (y axs, log scale) fluorescence are displayed as twao-dimensional contour plots,
Based on the negative control samnples 1n the presence of FITC- and PE-streptavidin only (not showny), the contours were drvided mto quadranes: (top leff)
cells with green fluorescence (binding FITC-labeled antibody only); (fop right) double-positive cells; (bottom right) cells with red fluorescence (binding PE-
labeled anubodies only), (botion leff) double negauve cells. Percent positive cells (background subtracted) 1in each quadrant are indicated. The numbers on

the x and y axes are arbitrary umits of fluorescence intensity (log scale).
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Figure 2. Idenaficauon of CD3™/NKR-P1AT/CD56~/CD16~ lymphocytes i adult and umbilical cord bload. “I'hree—color immunoflucrescence

was performed on CD3" PBL. Antigen expression was analyzed on adult (A} and umbilical cord blood (A and B) PBL, clectronscally gated on NKR-
P1A™ cells idennfied with biotin-labeled 13199.2 and R.670-streptavadin, The mdicated surface antigens were detected with FITC- or PE-labeled Ab, as

descnbed in Fig, 1. x axis, red, y axis, green fluorsscence.

sp act>3,000 Ci/mmol; NEN DuPont, Boston, MA) and T4
polynucleotide kinase (27). All enzymes and the $dX174 DNA/
Haelll molecular weight markers were from Promega Corp.
{Madison, WT).

IFN-y and TNF-ae RIA.  These were performed as previously
described (28, 29) on the cell-free supemnatants from cells cul-
tured for the times specified in the indicated conditions, using the
mAb pairs B133.1, B1335 (anti-IFN-y) and B154.2, B154.7
(anti-TINF-). Punfied natural IFN-y (Interferon Sciences, New
Brunswick, NJ), and rI'NF-a (provided by Dr. H.M. Shcpard,
Genentech Inc., South San Francisco, CA) were used as stan-
dards.

Immunocytochemistry.  Cells (3 X 10% were cytocentrifuged on
poly-L-lysine—treated slides, fixed 1n acetone (—20°C, 10 mun),
and stored at —80°C until use. mAb to TIA-1 (30) (IgG, 5 pg/ml;
Coulter Corp.) and to IL-12 p40 (31) (C8.1, ascites, 1072 dilu-
tion; provided by Dr. G. Trnchierr, Wistar [nstitute, Philadel-
phia, PA), rabbit anti-mouse perforin antiserum cross-reacting with
human perforin (32) (provided by Dr. C.-C. T, The Rock-
efeller University, INew York) or control nonimmune rabbat se-
rum (both 1072 dilution} were added to the rehydrated cells. Af-
ter mncubation and washings, positive cells were derecred with
bictin-labeled GaMIg or goat anti~rabbit Ig and biotin-labeled
horseradish peroxidase-avidin complex (ABC kit; Vector Labora-
tories, Burhingame, CA) and diaminobenzidine (Sigma Chemical
Co.} substrate, following the manufacturer’s instructions. Staining
was intensified using the diaminobenzidme intensification reagent
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(Vector Laboratorics), and hematoxylin was used to counterstain
the nuclei.

Single-cell Na-benzyloxycarbonyl-1-lysine-thiobenzyl ester, hy-
drochloride esterase assavs to detect semine esterase (SE)}-1 were
performed, according to pubhished procedures (33), on cytocen-
tnfuge preparations of NKR-P1A"/CD56T or CI56 cells pre-
pared as described above from 30-d cultures.

Siatistical Analysis.  Data were analyzed using the two-tailed,
two-sample ¢ test (Minitab statistical analysis software; State Col-
lege, PA). P <0.05 were considered significant.

Results

Identification of a CD3~ /NKR-P1A*/CD56™ /CD16~ Lym-
phocyte Population within Adult and Umbilical Cord Blood.  As in
PBL from adults (34, and data not shown), CD3~/CD56t
and CD3~/CD16* NK cell subsets were detected in um-
bilical cord blood PBL. The majority (>70%) of the
CD16% cells expressed CD56, and >90¥ of the CD56*
cells expressed CD16, as determined by two-color immu-
nofluorescence (flow cytometry) (Fig. 1, fop). NKR-P1A
was expressed on all CD16" and CD56% NK cells, there-
fore identifying most, if not all, neonatal NK cells, and on
=5% of the CD3% T lymphocytes (Fig. 1, bortom). As in
adult PBI. (not shown) NKR-P1A was expressed on most

Human NK Cell Differentiation
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Figure 3. Phenotype of Lin cells (A) Two-color immunofluores-
cence analysis was pesformed on Lin™ umbilical cord blood cells as in Fag. 1;
x axis, PE-labeled Ab; y axis FITC-labeled Ab. Percent positive cells per
quadrant are indicated. (B) Spontaneous cytotoxaaty (L, l) and ADCC
(A, A) were measured i a 4-h 3'Cr release assay using the indicated
number of effector cells and 107 K562 ar Ab-coated P815 target cells, re-
spectively Effectors were total (I, &) and Lin~ cells ([, A) preincubated
(18 h, 37°C) wath 1IL-2 (50 Usml) and rIL-12 (4 ng/ml), as described m
Materials and Methods. (C) Expression of CD16 and B actin mRINA was
analyzed by RT-PCR. Total mRNA was extracted from the mdicated
cell types and RT-PCR was perfermed as descnbed in Matenals and
Methods. PCR products were electrophoresed on 2% agarose gels, trans-
ferred to nylon membranes, and hybndized to *P-labeled gene-specific
internal ohigonucleotide probes.

CDg*4m NK cells but only on a proportion of CD8*™Meh T
cells and CD2* cells,

Three-color immunofluorescence was performed to ana-
lyze directly the phenotype of the CD3™ /NKR-P1A* NK
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cells. Fig. 2 shows two-color histograms of CD3™ lympho-
cytes purfied from umbilical cord bload and electronically
gated on the NKR-P1A* cells. These contained CD16*/
CD56™ (68.0 = 4.7%), CD16¥/CD56~ (18.2 + 4.3%),
and CD16°/CD56% (12.4 £ 5.9%) subsets (mean * SD,
# = 4). An additional NKR-P1A*/CD16~/CD56~ subset
was also detected in PBL from both neonates (4.2 = 1.7%,
n = 4) and an adult donor (Fig. 2 A). CD7 and CD11b
were expressed on most umbilical cord blood NKR-
P1A*/CD16 /CD56~ NK cells while CID2 was expressed
on ~50% of the cells (4.8 vs 4.4%), similar to their expres-
sion in the total NK cell populaton (Fig. 2 H). CD122
(IL-2RB7v) and CD25 (IL-2Ra) were detected on ~50%
(3.1% vs 3.7%) and 35% (2.6% vs 4.5%) of the cells in the
same subset, respectively.

Generation of Noncytotoxic NKR-P1AT/CD56 /CD16~
NK Celis from Lin~ Mononudear Cells.  'The Lin™ cell pap-
ulations, mostly HLA-DR ", included =80% CD34* cells
and did not contain detectable CD56% (Fig. 3 A), CD16%,
or NKR-P1A™ cells (not shown), as tested by indirect im-
munofluorescence. They did not mediate spontaneous cy-
totoxicity or ADCC even after 18-h incubation with IL-2
and IL-12 (Fig. 3 B) and did not contain cells expressing
CD16 mRNA, as detected using RT-PCR (Fig. 3 ) with
sensitivity to detect 1in 5 X 10° CD16™ ceils (not shown).

Several culture conditions (Table 1) were analyzed for
their ability to support NK cells” generation from the Lin~
populations and/or mature NK cells survival/proliferation.
PBL from umbilical cord blood, and CD3 /NKR-P1A* NK
cells purified from them, did not proliferate when cultured
with SI/SPhSCFY and IL-2, and the latter died within 14 d.
Instead, significant proliferation of Lin~ cells occurred dur-
ing the first 15 d of culture in the same conditions (total
number of cells per well was 1.2 = 0.8 X 10, mean = SD
of 5-15-d cultures, n = 7). At this time, myelo-monocytic
CDo64* cells constituted the majority of the cells and a sig-
nificant number of CD34% cells was present only until this
time (data not shown). After a decrease at intermediate
times (Fig. 4}, the total cell numbers by day 30 were similar
to those in the initial 2 wk (3.3 £ 2.1 X 10¢ cells per well,
mean * S of 26-35-d cultures, # = 4). NKR-P1A*/CD3~
cells, expressing or not CD56 and cytotoxic to K562 target
cells (not shown) were present in the cultures by day 11
(2.3 £ 2.9 X 10° cells per well, mean £ SD of 5-15-d cul-
tures, n = 7, and representative experiment in Fig. 4).
Starting at nearly day 20, their numbers increased until day
39, the last time point examined, as shown in the same fig-
ure (the total numbers of CD3 /NKR-P1A" cells/well
were 2.7 0.9 X 105, n = 5,and 2.1 = 1.0 X 105, n = 4,
in 16—25- and 26-39-d cultures, mean = SD).

After 20 d, two CD3~/NKR-P1A* NK cell populations
were detected in the cultures: one (40.2 + 21.5%, mean *
SD, n = 9) was CD56%, the other (57.9 = 23.2%) was
CD56 ° (Fig. 5. top). Most, if not all, CD3 ™ cells expressing
CD16, CD2, or CD8 were included i1z the CD56% subset
(Fig. 5, botfoms). CD7 and cytoplasmic CD3e were detected
in most cells in both subsets (data not shown).

Crytotoxic Activity of NKR-P1A' /CD56~ NK Cells.  The



Table 1. Generation of CD3™/NKR-P1A™ Cells from Umbilical Cord Blood Lin  Cells
Cell population® Culture cond:tions 1L-2% CD3 /NKR-P1A* cells/well, X 104
PBL SI/SFhSCEF=* + 03,03 2)
Purified NK cells SI/SI*hSCF>2 + ndl 2
Lin cells SI/si# - nd 2)
S1/sl + nd 2)
SI/SI*hSCE - nd )
SI/SI*hSCF22 + 226 = 15.0 (10}

*The 1ndicated cell types were cultured for 10-25 d (2 X 10° cells/well) in the conditions hsted

+rIL-2, 50 U/ml, was added cvery 4 d.

$The mumber of CD3~/NEKR-P1A" cells recovered at the end of the culture was calculated as the product of the percent positive cells {detected by
mmmunofluorescence) by the number of total viable cells. The mean * SD 1s indicated, when appropriate, and the number of expennments performed

m each condition 15 indicated n parentheses.
Ind, not detectable

NKR-P1A™ cells obtained after 25-d culture were cyto-
toxic to the K562 target cells (Fig. 6 A). The CD36", but
not the CD567, subset purified from them was cytotoxic
against the same target cells (Fig. 6 A). The granule-associ-
ated protein TIA-1 was expressed in 90.0 = 3.0% of the
CD567 cells (mean * SD, s = 3), as tested by immunocy-
tochemisiry (Fig. 6 B); the same protein was detected in
64.0 = 15.0% of the CD567 cells. Cells expressing SE-1
and perforin were detected in each subset in proportions
similar to those seen for TTA-1 (data not shown).

Induction of NKR-P1A"/CD56~ NK Cells’ Differentia-
tion. Ta test the hypothesis that the NKR-P1A*/CD56~
cells were immature NK cells with potendal to ditferentiate
further, homogeneons populations of these cells were puri-
fied from day-30 cultures, and were cultured for 10 addi-
tional days in the conditions listed in Table 2. Cell viability
was maintained in all conditions, but a significant propor-
tion of CD56%1 cells (43.2 * 25.9%, mean = SD, u = 7)
was detected only in cultures with irradiated Daudi cells,
IL-2, and IL-12 (P <0.05) and the cells from these cul-
tures, like those from cultures of the CD56% subset (not
shown) were cytotoxic to K562 target cells (Fig. 7). NKR-
P1A expression and viability of the CD56% subset were
maintained throughout secondary culture in each of the
culture conditions (data not shown).

As shown in Fig. 8, NKR-P1A*/CD56™ cells from 30-d
cultures expressed no detectable IFEN—y mRNA even after
stimulation with phorbol diester and Ca?" jonophore. In-
stead, IFN-y mRINA was detected in the same populations
after 10-d secondary culture. Both CD567 (not shown)
and CD567/NKR-P1A™ cells {Fig. 8) expressed TNF-
mRINA constitutively both before and after secondary cul-
ture. Minimal amounts of IFIN-y and TNF-a were present
in the supernatants from primary cultures (up to day 30);
mstead, both cytokines were detected at significant levels in
cell-free supernatants collected during secondary culture

(Table 3).
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Discussion

In this study, we identify a discrete subset of immature
NKR-P1AT/CD56" human NK cells and its requirements
for differentiation to phenotypically mawre CD56% NK
cells capable of cytotoxicity and IFN-y production,

NK cells were generated in cultures containing SCF and
IL-2. Because mature NK cells could not be generated 1in
the absence of SCF, both cytokines are necessary for this
process. Shibuya et al. (9) proposed that, in the presence of
SCF, CD34* early NK cell progenitors in the bone miar-
row are sequentially sensitive to 1L-3 and IL-2, and be-
vome sensitive to 1L-2 and SCF independent only after
they reach the stage of differentiation at which they express
CD122 and CD56. Our data support a minimal require-
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Figure 4. Kunetics of generation of NKR-P1A™ cells. Lin™ cells {2 X

108/well) were culeured on SI/SIPhSCF* cells with IL-2 The percentage
of CD3 /NKR-P1A™" cells was evaluated by immunofluorescence on the
wdicated days, and the number of viable cells was counted. The absolute
number of cclls expressing NER-P1A was caleulated as the product of
the percentage of mAb™ cells by the number of viable cells present at the
mdicated time points. ®, total cells; O, NKR-P1A~ cells {representative
experunent).
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Surface phenotype of day-28 primary culrure cells Lin™ cells were cultured as 1 Fig. 4. Two-color immunofluorescence analysis was per-

formed, as m Fig. 1, using the indicated FITC- and PE-labeled antibodies, on cells collected after 28-d cultures. x axis, red fluorescence (PE): y axis,

green fluorescence (FITC).

ment for SCF and IL-2 in NK cell differentiation in vitro,
but do not exclude a role for other cytokines including, but
possibly not limited to, IL-3 and produced by cells in the
heterogeneous CID34% or Lin~ populations. One such cy-
tokine is likely represented by IL-15 (11). Cytokines possi-
bly produced by the stromal cell line used as feeder are un-
likely to be relevant to this process, because most murine
cytokines are ineffective on human cells. These findings
contrast with reports indicating thar [L-2 is sufficient for
NK cell maturation (6). However, in that study formal
proof of the absence of contaminating mature NK cells was
not presented. Mature NK cells proliferate in response to
IL-2 (35) and SCF-induced proliferation of a minor subset
of ¢-kit receptort NK cells has been reported (36). We ex-
clude that IL-2—dependent proliferation of residual mature
NK cells 1in the Lin~ cell populations accounts for the NK
cells generated in our culture conditions because: (a) 1L-2
alone did not support NK cell generation from the Lin~
populations; (b) Lin~ cells do not mediate spontancous cy-
totoxicity or ADCC; () CD56% and/or NKR-P1A* cells,
or cells expressing CD 16 mRNA are not detectable in the
Lin~ cells by immunoflucrescence or RT-PCR, respec-
tively; (d) mature NK cells do not proliferate in conditions
that support, instead, NK cell differentiation from the Lin~
cells; and {¢) the surface phenotype and functional proper-
ties of the cells generated in culture differ from those of
most circulating NK cells, including the CD56' brght /- byt
receptort NK cell subset reported by Matos et al. (36).
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These data also indicate that the prohferation/maturation
requirements of mature and immature NK cells are distinct.

Unlike previous reports, we detected two distinet NKIR -
P1A* NK cell populations in the ¢ultures. Similar to NK
cells derived in other culture conditions (6, §, 10, 12), one
subset 18 phenotypically and functionally mature and ex-
presses CD56 and, although only on a minor proportion of
the cells, other surface antigens of mature NK cells, e.g.,
CD16, CD2, and CD8. It is possible that CD16 represents
a late NK cell differentiation antigen, as is the case for my-
cloid cells (37), chat the culture conditions provided do not
allow complete phenotypic maturation, and/or that cytokines
inducing CD16 expression, e.g., platelet-derived growth fac-
tor (38), are missing.

The second subset, NKR-P1A*/CID567, is functionally
and phenotypically immature and has a surface phenotype
similar, if not identical, to that of the NKR-P1At/
CD367/CD16~ subset we have identified in both adult
and neonatal PBL. The existence of circulating immature
NK cells had been postulated by Nagler et al. (34), who
descnbed a CDS6T/CD16~ PBL subsct that, unlike mature
NK cells, expresses IL-2Ra, once stimulated with IL-2
proliferates in response to 1L-4, and does not express IFN-y
mRINA. Being CD56™ and not cytotoxic, the CD167/
NKR-PLA*' cells described here are disanet from that pop-
ulation. Given the limited number of circulating NKR-
P1AY/CD16 /CD56 cells, no functional data arc avail-
able yet for these cells isolated directly from PBL; however,
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based on the in vitro data, it can be hypothesized that these
cells represent circulating immature NK cells that can be
recruited to functional maruration.

Several possibilities may explain the presence in our cul-
tures of both mature NK cells and these in an apparently
arrested state of development. Lin~ populations are hetero-
geneous and may contain NK cell progenitors at different
stages of differentiation and with distinct growth factor re-
quirements. The most mature ones, as previously proposed
(4, 12), may respond readily to 1L-2, and/or be induced
to differentiate by factors endogenously produced or added
exogenously. More immature progenitors may need addi-
tional factors that are not provided or produced in the cul-
tures. Alternatively, and/or in addition, the culture con-
ditions likely change during the course of 30 d; ¢.g.,
myelo-monocytic cells, which may produce factors affece-
ing NK cell differentiation (39) arc present only at early
times, and any cell only partially differentiated by the time
these changes oceur may be unable to mature completely.

The distinctive marker of the immature NK cell subset
reported here is NKR-P1A. This 15 a type Il integral mem-
brane protein with a region of sequence homology with
C-type lectins in 1ts extracellular domain (21) and 47% ho-
mology with rodent NKR-P1, shown tc transduce activa-
tory signals (40) and capable of binding specific carbohy-
drate moieties (41, 42). The role and the natural ligand(s)
of this molecule, and its biological significance on human
NK and T cells 15 stdl to be defined, but its usefulness as a
marker of NK cell development is clear. NKR-P1A ex-
pression on NK cells differentiated from immature progen-
itor cells has not been analyzed in previous reports, and it
remains to be established whether the subset 1dentified here
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tion, 500,

can be generated from purified CD34* cells, as those used
in most other reports. NK cell progenitors are enriched in
the CD77/CD34* cell population (7). Unlike CD7, NKR-
P1A is absent on umbilical cord blood CD34% cells, but
becomes expressed on NK cells within 7 d in the primary
cultures described (data not shown), indicating that the
NKR-P1A*/CD56/CD7* cells represent NK cells at a
later stage of differentiation than the CD34*/CD56~/CD7*
ones.

The NKR-P1A*/CD56~ cells are not cytotoxic. The
possibility that their functional incompetence 15 only appar-
ent, and limited to the target cells used, cannot be ex-
cluded. However, the observation that after secondary cul-
ture these cells can kill the same targets suggests that this is
not the case. The inability of these cells to kill is unlikely to
depend, primarily, on lack of cytotoxic granule-associated
proteins because TIA-1 and perforin were present in a sig-
nificant percentage of the cells, and SE-1 was functionally
active both in total cell lysates and at the single cell level
(not shown). Also, surface adhesion molecules known to be
mnvolved in target cell recognition (the LFA-1/CD18 com-
plex) (43, 44) are cxpressed on the NKRPIAT/CD56~
cells at a density similar to that on the CD567 cells (data
not shawn). These data support the hypothesis that lack of
cytotoxicity depends on the absence of one or more func-
tional cytotoxicity-triggering elements in the CI3567 cells:
these may include target recognition receptor(s) vet to be
identified and/or biochemical pathways of signal transduc-
tion. Irrespective of the reason, our data indicate that ex-
pression of cytotoxic granule-associated proteins precedes
functional maturation of the machinery needed for target
cell recognition and-tnggenng of cytotoxicity. This con-

Human NK Cell Differentiation



Table 2. Induction of CD56 Expression on NKR-P1AT/CD356™ Celis

Total cell number/well, X 10%;

Culture conditions™ mean * SD {m)t

Percent CD56™ cells; mean * SD (n)*

-2 0.9 = 0.6 (3) 6.3 = 6.9 (3)
IL-2 + 1L-12 0.8 + 0.6 (3) 9.5 + 5.6 (3)
Daudi + IL-2 0.8+ 0.1(3) 8.0 = 6.9 (3)
Daudi + IL-2 + [L-12 0.9 + 0.2 (7) 432 + 259 (7)5

*NKR-P1IA*/CD56™ cells (10° cells/well) were purified from 30-d primary cultares and cultured for 10 d 1n the conditions histed, as deseribed in

Materials and Methods TL-2, 50 U/ml; rIL-12, 1 ng/ml; 30-Gy irradiated Daud cells, 2 X 10%/well.
TPercent CN56% cells was determined by ymmunofluerescence; #, number of experiments performed
§P <003, Dandi + TL-2 + TL-12 vs cach of the other conditions; two-tailed, two-sample £ test.

clusion is also supported by the reported existence of a
noncytotoxic immature NK1.1, NKR-P1C* (43), NK cell
subset in mice with ablated bone marrow (15). Like the
human NKR-P1A™ cells described here (data not shown),
these cells bind targets, lack other differentiation markers
charactenistic of mature NK cells, and have been hypothe-
sized to represent NK cells that are frozen at an immature
stage of differentiation and that, to undergo complete mat-
uration, require factors provided only in the environment
of an intact bone marrow. Similarly, our culture conditions
likely lack factors, present in vivo, needed for complete
NK cell differentiation.

The NKR-P1A*/CD56" subset is induced to develop
into functional NK cells in conditions different from those
supporting the initial differentiation of Lin~ cells along the
NK cell lineage. IL-2, either alone or in combination with
feeder cells, is insufficient to induce further phenotypic
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Figure 7. Cytotoxic activity of NKR-P1A*/CD567 cells before and

after secondary cubture CD567 cells were punfied from 30-d primary
culture (@) and cultured for 10 d 1 secondary cultures {£) as deseribed n
Materials and Methods. Spontaneous cytotoxicity was measured 1o a 4-h
SICr release assay using K562 target cells. Expeniment representative of
-three performed.
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maturation of these cells and only the addition of [L-12 al-
lows this process, indicating that IL-12 1s necessary for the
maturation of NK cell progenitors in vitro. Given the lim-
ited number of cells available for these studies, we tested
cytotaxicity only mn the cultures in which phenotypically
mature cells could be detected, and we cannot exclude the
possibility that the cells denived from the cultures in the
presence of IL-2, alone or with the B lymphoblastoid cell
line, although phenotypically immature, are also cytotoxic.

IFN-y
TNF-o
B-actin
PMA + A23187 | - + | - + |
Culture Primary  Secondary NK Mock
Figure 8. IFN-y and TNF-o mRNA expression in NKR-P1A*/

CD567 cells before and after secondary culture. Cells were prepared and
cultured as m Fig. 7. R'F-PCHR analysis was performed on RNA extracted
from the cells after 30-d pnimary cultures and after secondary culture with
[L-2, IL-12, and Dauds cells, as indicated. After separation, cells were in-
cubated without {(—) or with (+} PMA (107* M} and Ca?~ 1onophore
(A23187, 0.1 pg/ml} for 2 h. The RT-PCR products were visuahzed af-
ter ethidium bromide staning, after agarose gel electrophoresis. Mol wt
markers were X174 DINA/Haclll. NK, umbikcal cord blood NK cells;
Mock, no mRINA/cDNA template in either RT or PCR.



Table 3. Cyiokine Production in Primary and Secondary Cultures

Culture conditions® Cell population

IFN=y, U/ml = SD (n)* TNF-a, U/ml * SD i)+

Total cells
CD5a™
CIDb56-

Primary culture. day 15
Sccondary culture, day 8

1.3 = 1.6 (3) 1.6 = 1.7 (3)
486.0 + 198.0 (3) 161.0 (1)
532.0 = 101.0 (3) 319.0 (1)

*In primary cultures, Lin™ cells were cultured (2 X 10° cells/well) on SPhSCE feeder cells with tIL-2 {50 U/ml). The CD3 /NKR-P1A* cell
subsets, purified from 30-d cultures, were incubated, separately, with 30-Gy 1rrachated Daudi cells to which rlL-2 (50 U/ml) and rIL-12 {1 ng/ml)

were added on days 0, 4, and 7

*IFN-v and TNF-a were detected by RIA in the cell-free supematants collected on the days indicated. u, number of expernnents performed.

Based on the data 1in the murine system (45), however, we
consider this unlikely. Whether the B lymphoblastoid
feeder cells are necessary (possibly providing cell-cell con-
tact or cytokines), or IL-12 is sufficient in the absence of
IL-2 and/or feeder cells, and whether the effect is mediated
by this cytokine dircctly, or indircctly via induced produc-
tion of additional factors, is under investigation. In IL-12
p40 knockout mice (46) the absolute number and subset
composition of NK cells have not been analyzed; however,
only a modest, though significant, decrease in spontanecus
cytotoxicity has been reported. On this basis we consider 1t
likely that, even if proven sufficient to support late NK cell
differentiation, 1L-12 is not the sole cytokine able to medi-
ate this effect. One likely candidate for this is 1L-15, that
induces NK cell differentiation from CD34 % cells (11) and,
in the culture conditions reported here, can induce genera-
tion, from Lin~ cells, of NK cells that are phenotypically
more differentiated than those induced by 11.-2 (Zamai, L.,
E. Rosati, M. Bennetr, and B. Perussia, manuscript in
preparation). 1L-12 induces myeloid cell differentiation act-
ing with SCF, IL-3, or GM-CSF (47, 48). Unlike IL-2 and
IL-15 (11), IL-12 does not support INK cell differentiation
when used instead of IL-2 under identical primary culture
conditions (48): thus, the effects of IL-12 on NK cell dif-
ferentiation appear to be stage-specific. Whether or not

IL-15 has similar effect on the NKR-P1A*/CD56~ imma-
tre NK cells 1s under investigation.

Mature NK cells produce several cytokines including
IFN-y and TNF-ov (49, and reviewed in reference 50).
The NKR-P1A*/CD56™ cells, like the CD56*/CD16~
cell subset described by Nagler et al. (34), express TNF-
but not TFN-y mRNA after primary culture. TNF-tx ex-
pression is unlikely to reflect myeloid cells contamination
because MSE mRINA was not detectable in the same con-
ditions, and cells with myeloid phenotype were absent.
The presence of TNF-ao mRNA in both the CD56% and
the CD56~ NKR-P1A* cell subsets suggests that expres-
sion of this cytokine occurs early during NK cell matura-
tion, whereas IFN-y production represents a more special-
ized function, acquired only at later differentiation stages.
The possible brological significance of this remuns to be
determined.

Based on these observations, it may be speculated that at
the onset of an immune response to intracellular pathogens
[L-12 plays a role to activate maximally the nonadaptive
system of defense, in which NK cell are potent and essen-
tial effectors, both enhancing the functional activity of ma-
ture NK cells, and inducing maturation of circulating pre-
cvrotoxic NK cells.

We are grateful to Dr. R Depp and the Staff of the Division of Obstetrics and Gynecology (Thomas Jeffer-
son University Hospital) for providing the umbilical cord blood samples, Dr. S. Wolf for the continnous
supply of [L-12, and Mr. D). Thcker for assistance at the flow cytometer

This work was supported, n part, by U.S, Public Health Service grants CA37155, CA45284 (3. Perussia).
[.M. Bennett was supported, 1n part, by T32-CA09683. L. Zamai 15 the recipient of a Doltorato di Racerca
in Scienze Morfologiche Umane (Ministry for University, Research and Technology). University of Bolo-

gna (Italy).

Address correspondence to Bice Perussia, Jefferson Medical College, Kimmel Cancer Institute, BLSB Room
755, 233 South 10th Suieet, Philadelphia, PA 19107, O. Zatsepina’s current address 15 Institute of Molecular
Biology, Russian Academy of Sciences, Moscow, Russia.

Received for publication 17 July 1996 and in revised form 15 August 1996,

1854

Human NK Cell Differentiation



References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Trinchieri, G. 1989. Biology of natural killer cells. Adv. Im-
munol. 47:187-376.

Perussia, B., S. Starr, S. Abraham, V. Fanning, and G.
Trinchieri. 1983. Human natural killer cells analyzed by
B73.1, a monoclonal antibody blocking Fc receptor func-
tions. I. Characterization of the lymphocyte subset reactive
with B73.1. J. Immunol. 83:2133-2141.

. Scharton, T.M., and P. Scott. 1993, Natural killer cells are a

source of interferon gamma that drives differentiation of
CD4* T cell subsets and induces early resistance to Leishma-
tiia major in mice. J. Exp. Med. 93:567-577.

. Scharton-Kersten, T., and P. Scott. 1995. The role of the in-

nate immune response in Thl cell development following
Leishmania major infection. J. Leukocyte Biol. 95:515-522.

. Perussia, B., V. Fanning, and G. Trinchiert. 1983. A human

NK and K cell subset shares with cytotoxic T cells expression
of the antigen recognized by antibody OKTS. J. Immunol. 83:
223-231.

. Lotzova, E., C.A. Savary, and R.E. Champhn. 1993. Genesis of

human oncolytic natural killer cells from primitive CD34*
CD33~ bone marrow progenitors. J. Immunol. 93:5263-5269.

. Miller, J.S., K.A. Alley, and P. McGlave. 1994. Differentia-

tion of natural killer (NK) cells from human primitive mar-
row progenitors in a stroma-based long-term culture system:
wdentification of a CD3417* NK progenitor. Blood. 94:2594—
2601.

. Muller, J.S., C. Verfaillie, and P. McGlave. 1992. The genera-

tion of human natural killer cells from CD34* /DR -primuitive
progenitors 1 long-term bone marrow culture. Blood. 92:
2182-2187.

. Shibuya, A., K. Nagayoshi, K. Nakamura, and H. Nakauchi.

1995. Lymphokine requirement for the generation of natural
killer cells from CD34% hematopoietic progenitor cells.
Blood. 95:3538-3546.
Silva, M.R., R. Hoffinan, E.F. Srour, and J.L. Ascensao.
1994. Generation of human natural killer cells from imma-
ture progenitors does not require marrow stromal cells. Blood.
94:841-846.
Mrozek, E., P. Anderson, and M.A. Caligiur1. 1996. Role of
interleukin-15 in the development of human CD56" natural
killer cells from CD34* hematopotetic progenttor cells. Blood.
87:2632-2640.
Cicutuni, F.M., M. Martin, H.T. Petrie, and A.W. Boyd.
1993. A novel population of natural killer progenitor cells
isolated from human umbilical cord blood. J. Immunol. 93:
29-37.
Hacket, J.. Jr., M. Bennett, and V. Kumar. 1985. Origin and
differentiation of natural killer cells. I. Characteristics of a
transplantable NK cell precursor. J. Immunol. 134:3731-3738.
Moore, T., M. Bennett, and V. Kumar. 1995. Transplantable
NK cell progenitors in murine bone marrow. J. Imtunol. 95:
1653--1663.
Hackett, J., Jr., M. Tutt, M. Lipscomb, M. Bennett, G. Koo,
and V. Kumar. 1986. Origin and differentiation of natural
killer cells. II. Functional and morphologic studies of purified
NK-1.1% cells. J. Immunol. 86:3124-3131.
Perussia, B., C. Ramoni, 1. Anegon, M. C. Cutur, J. Faust,
and G. Tnnchieri. 1987. Preferental proliferation of natural
killer cells among peripheral blood mononuclear cells cocul-
tured with B lymphoblastoid cell hnes. Nat. Immun. Cell.
Growth. Regul. 87:171-188.
Hoffman, R.A., P.C. Kung, W.P. Hansen, and G. Goldstein.
1855

Bennett et al.

18.

19.

20.

21.

22,

23.

24,

27.

28.

30.

1980. Simple and rapid measurement of human T lympho-
cytes and their subclasses in penipheral blood. Proc. Natl. Acad.
Sei. USA. 80:4914-4917.

Fingeroth, J.D., J.J. Weis, T.F. Tedder, J.L. Strominger, P.A.
Biro, and D.T. Fearon. 1984. Epstein-Barr virus receptor of
human B lymphocytes 1s the C3d receptor CR2. Proc. Natl.
Acad. Sci. USA. 84:4510-4514.

Civin, C.I.,, L.C. Strauss, C. Brovall, M]J. Fackler, J.F.
Schwartz, and J.H. Shaper. 1984. Annigemc analysis of he-
matopoiesis. HI. A hematopoietic progenitor cell surface anti-
gen defined by a monoclonal antibody raised against KG-1a
cells. J. Immunol. 84:157-165.

Aramburuy, J., MLA. Balboa, A. Ramirez, A. Silva, A. Ace-
vedo, F. Sanchez-Madrid, M.O. De Landazun, and M. Lo-
pez-Botet. 1990. A novel functional cell surface dimer (Kp43)
expressed by natural killer cells and T cell receptor-gamma/
delta* T lymphocytes. 1. Inhibition of the IL-2-dependent
proliferation by anti-Kp43 monoclonal antibody. J. Immunol.
90:3238-3247.

Lanier, L.L., C. Chang, and J.H. Phillips. 1994. Human
NKR-P1A. A disuifide-hnked homodimer of the C-type
lectin superfamily expressed by a subset of NK and T lym-
phocytes. J. Immunol. 94:2417-2428.

Perussia, B., G. Trnchien, and J.C. Cerrottini. 1976. Func-
tional studies of Fc receptor-bearing human lymphocytes: ef-
fect of treatment with proteolytic enzymes. J. Immunol. 123:
681-687.

Wysocki, W.L., and V.L. Sato. 1978. Panning for lympho-
cytes: a method for cell selection. Proc. Natl. Acad. Sci. USA.
75:2844-2848.

Toksoz, D., K. Zsebo, K. Smith, S. Hu, D. Brankow, S.V.
Suggs, F. Martuin, and D.A. Williams. 1992. Support of hu-
man hematopoiesis in long-term bone marrow cultures by
murine stromal cells selectively expressing the membrane-
bound and secreted forms of the human homolog of the steel
gene factor, stem cell factor. Proc. Natl. Acad. Sci. USA. 89:
7350-7354.

. Ravetch, J.V., and B. Perussia. 1989. Alternative membrane

forms of Fc gamma RIII(CD16) on human natural killer cells
and neutrophuls. Cell type—specific expression of two genes
that differ i single nucleotide substitutions. J. Exp. Med. 89:
481-497.

26. Uphoft, C.C., Z.B. Hu, S.M. Gignac, W. Ma, F.A. Raney,

M. Kreutz, W.D. Ludwig, and H.G. Drexler. 1994. Charac-
terization of the monocyte-specific esterase (MSE) gene. Leu-
kemia. 94:1510-1526.

Tabor, S. 1996. Phosphatases and Kinases. In Current Proto-
cols in Molecular Biology. F.M. Ausubel, R. Brent, R.E.
Kingston, D.D. Moore, J.G. Seidman, J.A. Smith, and K.
Struhl, editors. John Wiley and Sons, Inc., New York.
3.10.1-3.10.5.

Cuturi, M.C., M. Murphy, M.P. Costa-Giomi, R. Wein-
mann, B. Perussia, and G. Trinchieri. 1987. Independent
regulation of tumor necrosis factor and lymphotoxin produc-
tton by human peripheral blood lymphocytes. J. Exp. Med.
87:1581-1594.

. Murphy, M., R. Loudon, M. Kobayashi, and G. Trinchien.

1986. Gamma 1nterferon and lymphotoxin, released by acti-
vated T cells, synergize to inhibit granulocyte/monocyte col-
ony formation. J. Exp. Med. 86:263-279.

Anderson, P., C. Nagler-Anderson, C. O’Brien, H. Levine,
S. Watkins, H. S. Slayter, M. L. Blue, and S. F. Schiossman.



31

33.

34.

35.

36.

37.

38.

39.

440).

41.

1990. A monoclonal antibody reactive with a 15-kDa cyto-
plasmic granule-associated protein defines a subpopulation of
CD8" T lymphocytes. J. Immunol. 50:574-582.

Cassatella, M.A., L. Meda, S. Gasperini, A. ID’Andrea, X. Ma,
and G. Trinchier. 1995, Interleukin-12 production by hu-
man polymorphonuclear leukocytes, Eur. J. Inmunol. 25:1-5.

. Koizumi, H., C.C, Liu, L.M. Zheny, 5.V. Joag, N.K. Bayne,

J. Holoshitz, and J.D. Young. 1991. Expression of perforin
and serine esterases by human gamma/delta T cells. J. Exp.
Med. 91:499-502.

Wagner, L., W. Base, M. Wesholzer, V. Sexl, H. Bognar,
and C. Worman. 1991, Detection of BLT-substrate-specific
proteases 1n individual human peripheral blood leukocytes
and bone marrow cclls. J. Fmmunol. Methods. 142:147-155.
Nagler, A., L.L. Lanier, . Cwirla, and J.H. Phllips. 1989.
Comparative studies of human FcRIH-positive and negative
natural killer cells. J. Immunol. 89:3183-3191.

Trinchieri, G., M. Matsumoto-Kobayashi, S.C. Clark, J.
Sheera, L. London, and B. Perussia. 1984. Response of rest-
ing human peripheral blood natural killer cells to interleukin
2. J. Exp. Med. 160:1147-1169.

Matos, M.E., G.S. Schnier, M.S. Beecher, LK. Ashman,
D.E. Wilham, and M.A. Caligiuri. 1993. Expression of a
functional c-kit receptor on a subset of nataral killer cells. J.
FExp. Med. 93:1079-1084,

Fleit, HB., S.D. Wnght. C.J. Durie, J.E. Valinsky, and J.C.
Unkeless. 1984. Ontogeny of Fc receptors and complement
receptor (CR3) during human myeloid differenuation. J.
Clin. Invest. 84:516-525.

Phillips, J.H., C.W. Chang, and L.L. Lanier. 1991. Plateler-
mnduced expression of Fc gamma RIII (CD16) on human
monocvtes. Eur. J. Immunol. 91:895-899

Miller, J.S., S. Delkers, C. Verfaillie, and P, McGlave. 1992,
Role of monocytes n the expansion of human activated nat-
ural killer cells. Biood. 80:2221-2229,

Giorda, R., W.UJ, Rudert, C. Vavassori, W.H. Chambers,
J.C. Hiserodt, and M. Trucco. 1990. NKR-P1, a signal
transduction molecule on natural killer cells. Science (Wash.
DC). 4974:1298-1300.

Bezouska, K., C.T. Yuen, J. O'Brien, R.A. Chulds, W. Chai,

1856

42.

43.

44.

45,

46.

47.

48.

49,

50.

Human NK Cell Differentiation

AM. TLawson, K. Drbal, A. Fiserova, M. Pospisil, and T.
Feizi. 1994, Oligosaccharide ligands for NKR-P1 protein ac-
uvate NK cells and cytotoxicity. Nature (Lond.). 94:150—~157.
Bezouska, K., G. Vlahas, O. Horvath, G. Jinochova, A. Fise-
rova, R. Giorda, W.H. Chambers, T. Feizi, and M. Pospisil,
1994, Rat natural killer cell antigen, NKR-P1, related to
C-type animal lectins 15 a carbohydrate-binding protein. J.
Biol. Chem, 94:16945-16952.

Robertson, MJ.,, M.A. Caligiuri, T.]. Manley, H. Levine,
and |. Ritz. 1990. Human natural killer cell adhesion mole-
cules: differential expression after acuvation and participation
in cytolysis. J. Immunol. 145:3194-3201,

Schmits, R., T.M. Kundig, D.M. Baker, G. Shumaker, J.J.L.
Simard, G. Duncan, A. Wakeham, A. Shahinian, A. van der
Heiden, M.F. Bachmann, P.S. Qhashi et al. 1996. LFA-
|—deficient mice show normal CTL responses to virus but fail
to reject immunogemc tumor. J. Bxp. Med, 183:1415-1426.

Ryan, J.C., ). Turck, E.C. Nierm, W.M. Yokoyama, and
W.E. Seaman, 1992. Molecular ¢loning of the NK1.1 ant-
gen, a member of the NKR-P1 family of natural killer cell
activation molecules. J. Tmmunol. 92:1631-1635.

Magram, J., S.E. Connaughton, R.R. Warricr, T?.M. Carva-
jal, C. Wu, |. Ferrante, C. Stewart, U. Sarnuento, D.A. Fa-
herty, and MK Gately, 1996, IL-12-deficient mice are de-
fective 1n IFN-gamma production and type 1 cytokine
responses. Immunity. 4:471-481.

Hirayama, F., N. Katayama, $. INeben, D. Donaldson, E.B.
Nickbarg, S.C. Clark, and M. Ogawa. 1994. Synergistic in-
teraction between mterleukin-12 and steel factor in support
of proliferation of murme lymphohematopoietic progenitors
mn culture, Blood, 94:92-98,

Jacebsen, S.E., O.P. Veiby, and E.B. Smeland. 1993. Cyto-
toxic lymphocyte maturation factor (interleukm 12) 1s a syn-
ergistic growth factor for hematopoietic stem cells. J. Exp.
Med. 93:413—418.

Bennett, .M., and B. Pcrussia. 1996. Effects of [L.-12 on hu-
man natural killer cell differentiation. Proc. NY Acad. Sci. In
press.

Perussia, B. 1991, Lymphokine-activated killer cells, natural
killer cells and cytokines. Curr. Opin. Tsmunol. 91:49-55,



